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Introduction
During the last years, metamaterials have gained a lot of scientific interest. The main benefit of such artificially structured materials is the possibility to tailor their electromagnetic properties even beyond the boundaries of naturally occurring materials. This offers a large number of new opportunities for the design of electromagnetic and optical devices. Following these new concepts, a lot of interesting applications for metamaterials have been proposed. One of the most prominent examples propelling the research field of metamaterials is the perfect lens [1] , capable of focusing electromagnetic waves beyond the diffraction limit. This device is based on the physical phenomenon of negative refraction [2] [3] [4] [5] [6] [7] [8] . Other interesting applications aim at the manipulation of the polarization state of electromagnetic radiation. By using artificial metastructures it was possible to design materials with strong polarization rotatory power [9, 10] being up to five orders of magnitude higher than in any chiral material occurring in nature. In the context of the so called terahertz gap (0.1 -10 THz) where nearly no naturally occurring material exists for the efficient construction of functional elements, metamaterials are a promising candidate to fill up this gap and enable a more efficient access to the various applications of terahertz waves.
Recently, active metamaterials have been proposed which allow the control of the transmission and reflection properties of metamaterials by illuminating the structure with laser light [11, 12] , by varying an external magnetostatic field [13] or by using an external bias voltage supply [14] [15] [16] . These methods pave the way to a wide field of applications from high-sensitive spectroscopy to short-range secure THz communication. However, all structures presented so far have been designed in a way that the desired electromagnetic response of the metamaterial is only supported for a pre-defined linear polarization state of the incident light. On the other hand, for many applications like reflection spectroscopy, ellipsometry or even the investigation of atomic states or the electromagnetic response of polar media, it is necessary to work with elliptically polarized waves, waves with changing direction of the linear polarization or even unpolarized light. Furthermore, some optical components, especially fibers, change the polarization state of transmitted light in an unpredictable manner and often the source of the radiation itself is an emitter of unpolarized waves. For all these cases, the implementation of active metamaterials requires polarization-insensitive design concepts.
In this paper we report the design, fabrication and characterization of an electrically tunable metamaterial-based modulator for THz radiation. The metamaterial is composed of symmetric unit cell structures to ensure polarization-insensitive behavior with respect to incident waves of arbitrary polarization.
Structure design and fabrication
A schematic layout of the implemented structure including all geometrical parameters is shown in Fig. 1 . The metamaterial is composed of an array of gold crosses fabricated on top of an n-doped GaAs layer. The cross bars are 80 µm long, 10 µm wide and are separated by a 1 µm wide gap. Additionally, all crosses are electrically interconnected by 1 µm thin wires whose effect on the electric resonance of the cross structure can be neglected. The n-doped GaAs layer was grown on a semi-insulating GaAs substrate by molecular beam epitaxy. To improve the electric transition within the GaAs we used a doping profile consisting of a 1500 nm thick Si-doped GaAs layer (n = 5 · 10 16 cm -3 ), a 250 nm thick linearly graded Si-doped GaAs layer (n = 5 · 10 16 cm -3 to n = 5 · 10 18 cm -3 ) followed by a 100 nm thick highly Si-doped GaAs top layer (n = 5 · 10 18 cm -3 ). In the next step, the ohmic contact strip was produced by electron beam evaporation of 20 nm nickel, 20 nm germanium and 150 nm gold, followed by a rapid thermal annealing process at 350 • C for 1 min in nitrogen atmosphere. Thereafter, the cross structure was patterned by standard electron beam lithography and metallized by deposition of 150 nm gold on a 10 nm titanium adhesion layer. This leads to the formation of a Schottky contact between the cross structure and the n-doped GaAs top layer. We finally applied bond wires to the contact pads of the structure to connect the device with an electrical circuit.
The electromagnetic properties of the cross structure, which is basically a two-dimensional version of a cut wire, can be easily derived from [4, 17] . The crossbars act as small electrical dipoles which can be excited by an incident electromagnetic field, thus leading to a negative effective permittivity in the vicinity of the resonance frequency of the structure. Since the ma- (C) 2009 OSAjor fraction of the electromagnetic wave is reflected from the metamaterial surface for negative values of the permittivity (permeability is positive), the associated transmission spectrum through the metamaterial layer exhibits a stop band around the dipole resonance frequency. However, the transmission characteristics of the metamaterial can be purposely tuned by controlling the conductivity of the n-doped GaAs layer. In the case where the conductivity is sufficiently high, the crosses are effectively shortened along the small gap between their ends and the metamaterial is transformed into a continuous wire structure [18] . Since the corresponding plasma frequency is well below the THz frequency range, THz waves can be transmitted through the medium with moderate loss. At this point, it should be mentioned that the presented metamaterial structure has not been optimized for impedance matching with free space so that the transmitted wave inherently suffers from insertion loss at the input facet of the metamaterial layer. In contrast, if a reverse bias is applied to the electrodes, a depletion region for free carriers is formed around the crosses (see Fig. 1(b) ) and the horizontal and vertical bars are no longer shortened. This leads to the formation of separated dipoles whose resonance frequency is located in the THz frequency range. Consequently, the metamaterial appears to be virtually opaque for THz waves. The dependence of the substrate conductivity in the depletion region on the reverse bias voltage can thus be used to control the transmission characteristics of the device. Since the implemented cross structure is invariant under rotation of 90 • , the arising transmission properties are independent of the polarization of the propagating THz wave [6, 19] .
Results and discussion

Electric circuit characterization
To analyze the electrical properties of the metamaterial device we determined the currentvoltage characteristics of the structure by varying the applied external voltage between -15 V and 2 V and measured the current driven through the metamaterial. As expected, the results shown in Fig. 2(a) reveal a typical Schottky diode characteristic. As can be seen, the reverse saturation current above -14 V is smaller than 1 mA. This means that the formation of a charge depletion region between the crosses with appropriate insulation efficiency is adequately supported by the electric circuit at a reverse bias voltage above -14 V.
Since the modulation speed of the metamaterial-based THz modulator is strongly related to a quick formation of the charge depletion zone between the crosses, we analyzed the current response to an applied voltage pulse. For this purpose we used a signal frequency synthesizer Fig. 2(b) show a damped resonant behavior of the current which is caused by the capacitance of the depletion region, the Schottky forward resistance and the inductance of the leads. The measurements show that the charge equalization is completed within t c = 2.7µs, independent of the applied modulation frequency. The fraction of the half cycle duration T H of the applied modulation signal, where the depletion zone is completely formed, is given by
where f = 1/(2T H ) is the modulation frequency. Consequently, the modulation ability of the device will decrease for increasing frequencies and finally break down. If we suppose that the modulation magnitude of a propagating THz wave is proportional to F, the 50% cutoff frequency of the device can approximated to be
THz transmission properties
The transmission properties of the proposed device are analyzed by a THz time-domain system which is depicted in Fig. 3 . It basically consists of a femtosecond laser, the THz section with the metamaterial sample in focus, a delay line to vary the timing of the detection pulse and the electronic measuring equipment. The system operates with linearly polarized THz waves which are focused normally to the metamaterial surface to a spot size of 1.5 mm. We first analyzed the transmission through the metamaterial for different values of an applied DC reverse bias voltage. In this case, the THz time-domain signals are detected by use of a lock- in amplifier and a mechanical chopper and then Fourier-transformed into the frequency-domain. The obtained transmission spectra are normalized by a reference spectrum without sample to obtain the amplitude transmittance of the device. We finally applied a Fourier filtering algorithm to remove spurious oscillations from the spectrum caused by multiple reflections within the GaAs substrate. This filtering process, however, reduces the frequency resolution to 70 GHz.
In Fig. 4 , the amplitude transmittance of the THz device is plotted in both the time-and the frequency-domain for different values of the applied reverse bias voltage. As expected from our preliminary considerations, increasing the reverse bias voltage leads to the formation of a stop band in the vicinity of the resonance frequency at about 0.63 THz, where a marginal blue shift is observed. For voltages above 10 V the modulation depth starts to saturate. Note, that the phase spectrum is only slightly affected by the applied bias voltage.
A well established quantity for the performance of a modulator is the achieved relative change in the amplitude transmittance T given by
where U max is the maximum applied voltage. As shown in Fig. 4(b) increasing the magnitude of the reverse bias from 0 V to 15 V reduces the amplitude transmittance at the resonance frequency of 0.63 THz from T (0V) = 0.28 to T (15 V) = 0.18, leading to M DC = 36 %. In terms of intensity this corresponds to a value of M int DC = (0.28 2 − 0.18 2 )/0.28 2 = 59 %. This is quite high in comparison with other electrically tunable metamaterial approaches [14, 15] .
High frequency THz modulation
By applying a modulated bias voltage instead of a DC voltage to the structure, the THz beam transmitted through the metamaterial can be actively amplitude modulated. For a quantitative characterization of this modulation we removed the mechanical chopper from the THz detection setup and employed the metamaterial device itself as an electrical chopper. This is achieved by applying a modulated bias voltage to the metamaterial as well as to the lock-in amplifier as reference signal (see Fig. 3 ). With this configuration, the voltage output of the lock-in amplifier is proportional to the difference between the maximum and the minimum of the modulated THz field. By this method, we can directly measure the magnitude of the THz field modulation for different modulation frequencies. For the following experiments we used a square wave modulated bias voltage alternating between -13.3 V and 0 V.
To verify the accuracy of the proposed technique we exemplarily compared the resulting THz To analyze the modulation speed of the metamaterial-based modulator we followed this approach to measure the modulation magnitude for various modulation frequencies up to 100 kHz, which is the detection limit of the used lock-in amplifier. An exemplary excerpt of the recorded curves is presented in Fig. 5(b) . As expected from the discussion in section 3.1, the magnitude of the modulation decreases for increasing modulation frequencies. This decrease is quite uniformly and well-described by a multiplicative, time-independent factor.
To quantify the frequency response of the device, we determined the peak-to-peak value of the recorded difference signals at each measured modulation frequency and normalized these values by their maximum. The result is presented in Fig. 6 . As can be seen, the 50% cutoff frequency of the relative modulation depth is located at 80 kHz. This is in good agreement with the value estimated from the electric circuit measurements described in section 3.1. The attained modulation speed is about one order of magnitude higher in comparison with a conventional semiconductor THz modulator [20] and is comparable with the modulation speed measurement of the first reported electrically tunable THz metamaterial [14, 16] , which in contrast to our design is polarization sensitive.
The results presented here refer to broadband THz pules. However, by combining these results with the DC transmission spectrum shown in Fig. 4(b) , we can approximate the relative modulation magnitude even for a monochromatic THz wave, which is given by
where f is the modulation frequency, ν the frequency of the THz wave and T the amplitude transmittance. Since the pulse length of the THz pulses in our experiments is much smaller than the time constant of the charging and discharging process of the depletion zone, every pulse probes a quasi steady-state of the metamaterial. Therefore, the spectrum of the pulses passing the uncharged device is equal to the DC transmission spectrum at 0 V, and the spectrum of the pulses probing the maximum loaded device is equal to the DC transmission spectrum at the peak value of the applied voltage signal. Hence, the maximum and the minimum transmittance of a modulated monochromatic THz wave is given by the corresponding DC transmission spectra. However, the decrease of the modulation magnitude for increasing modulation frequencies must be taken into account. As shown in this section, this dependence can be described by a multiplicative factor χ( f ), which is represented in Fig. 6 . The relative modulation magnitude of a monochromatic THz wave can therefore be estimated as
where M DC (ν) is the relative change in the DC transmission spectrum (as shown in Fig. 4(b) 
Conclusion
In conclusion, we have presented an electrically tunable metamaterial-based wave modulator operating in the THz frequency range. The implemented structure consists of an array of gold crosses fabricated on top of an n-doped GaAs layer, where the in-plane four-fold rotational symmetry of the used cross structure leads to a polarization-independent behavior. The structure exhibits a maximum amplitude modulation depth of 36 % at the resonance frequency of 0.63 THz. We further demonstrated the fast modulation of a THz wave for modulation frequencies up to 100 kHz. Due to the simple structure design the layout can be easily scaled down in order to shift the operating range to higher frequencies. The structure thus offers a wide variety of applications from high-sensitive spectroscopy to short-range secure THz communication.
So far, the presented metamaterial structure has not been optimized with respect to the maximum achievable modulation depth, modulation speed and absolute transmission. For example, local doping techniques instead of a homogeneously doped top layer would provide further improvements. Since only the area between the ends of the crosses is crucial for the tunability of the metamaterial, the restriction of the n-doping to these regions would highly enhance the overall THz transmission and thus increase the maximum modulation depth. Furthermore, if only the area between the crossbars in one direction is doped, the proposed metamaterial enables the electric control of the polarization state of the transmitted THz wave.
